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Abstract 
Increasing energy demands coupled with decreasing resources and increased concerns about the long-term impacts of energy production are 
driving the development and full-scale implementation of new energy production systems. In general, several considerations must be addressed 
to move technology from the prototype phase to complete deployment, while ensuring adequate return on investment. These considerations 
include: availability of capable manufacturing processes, appropriate material selection, and supply chain resiliency. For new energy 
production systems, it is also important to evaluate net energy production and life cycle impacts. There is significant uncertainty associated 
with each of these considerations.  This paper proposes a framework for maximizing net energy production in full-scale systems considering 
these uncertainties. The utility of the framework is demonstrated through a case study focused on an analysis of prototyping and scale-up of 
artificial photosynthesis as a solar-fuel generator. 
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1. Introduction 
The world’s energy demand is expected to increase from 
about 13 billion tonne oil equivalents (TOE) in 2011 to either 
17.4 billion or 18.6 billion TOE by 2035 under “new policies” 
or “current policies” scenarios, respectively [IEA, 2011]. This 
corresponds to an increase in carbon dioxide emissions from 
29 gigatonnes per year to 36 Gt per year or 43 Gt per year 
under those scenarios. While there is some uncertainty in the 
predictive models relating increased CO2 emissions with 
global changes such as surface temperature rise, sea level rise, 
and increased extreme weather events, these effects are likely 
[IPCC, 2007]. Regardless, an increase in anthropogenic 
atmospheric CO2 to levels beyond what has been recorded in 
the past 650,000 years is imminent unless there is an earnest 
political and technical intervention [Lewis and Nocera, 2007]. 
The production and use of energy must be sustainable; that is, 
it must be economically viable, maintain environmental 
health, and provide a net benefit to society [Chu & Majumdar, 
2012]. 
Energy systems that utilize wind, water, and solar energy 
offer various advantages, including low or no CO2 emissions 
during energy production, over more commonly utilized 
energy sources such as coal, natural gas, and petroleum. 
Renewable energy sources (i.e., hydro, bioenergy, and other 
renewables as defined by IEA[2011]) are increasingly utilized
to meet demand, providing 1.7 billion TOE in 2011 as 
compared to 1.1 billion TOE in 1990. However, their share 
(i.e., percentage) of the world’s energy supply has remained 
largely unchanged for past several decades [Ruhl, 2012]. In 
order to mitigate the potential effects of climate change, 
energy systems must be developed that emit substantially less 
carbon dioxide equivalents (CO2e) per TOE. 
There are numerous challenges to developing and 
implementing new energy systems. While the initial challenge 
is identifying promising and innovative energy technology, 
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there are two identified “valleys of death” between the 
conceptual design phase and full-scale adoption [AMEC, 
2013]. Infrastructure and the mechanisms through which 
energy is exchanged (e.g., automotive motor) must also be 
developed or adapted to accommodate the new energy system. 
Manufacturing facilities must be capable of: (i) producing the 
new energy technology, (ii) infrastructure to support the 
technology, and (iii) products capable of using energy in the 
form generated by the technology. Often, policies must be 
implemented to overcome these challenges and promote 
adoption.  
2. Background 
When new energy technologies are being developed, it is 
difficult to determine which systems will ultimately be the 
most viable and sustainable. Scientists, engineers, policy 
makers, and funding agencies, among others, must make 
decisions regarding those technologies in which to invest their 
resources. “Net energy” production of a potential energy 
system is one way to evaluate both viability and sustainability 
because embedded energy and energy production are 
considered across the life cycle of the system. However, 
uncertainty must also be included in the analysis in order to 
better quantify the potential risks associated with decisions. 
While it is clear that a life cycle perspective and an 
understanding of uncertainty is necessary to insure the 
sustainability of emerging energy systems once they are fully 
deployed, there are challenges in the existing approaches to 
modeling and assessing these systems. Often the analysis does 
not include production or a characterization of the uncertainty 
associated with manufacturing scale-up. For novel 
technologies, the manufacturing processes necessary for full-
scale deployment are often, at best, being developed 
concurrently with the new technologies. 
A procedure is proposed in this paper to evaluate the net 
energy production of a potential energy system, that considers 
uncertainty in scale-up. A case study in artificial 
photosynthesis will be used to examine the utility of the 
procedure. The following sections of this paper contain: 
discussion of the proposed procedure for evaluating net 
energy production, analysis of the case study, conclusions and 
suggestions for future work. 
3. Framework 
Given the need for sustainable energy, much effort is 
directed toward developing new energy production systems. 
During the conceptual and preliminary design phase, it is 
difficult to determine the net energy production of a potential 
system. Often, researchers are concurrently developing 
materials, technologies, and manufacturing processes and 
systems to support the new energy production system.  
Researchers and funding agencies must make decisions that 
affect final design, such as which innovative materials to 
develop or which efforts to fund, without complete knowledge 
of the impacts of those decisions. 
One approach to addressing these decisions, and the 
inherent uncertainty, following procedure: 
1. Select the outcome(s) or impact(s) of importance (i.e., 
metric) 
2. Identify design characteristics and constraints linked to 
that outcome 
3. Identify the materials, part geometries, components, 
processes, and systems necessary to create the 
characteristics within the given constraints 
4. Establish the relationships among items in step 2 and 3 
(e.g., design characteristics, part geometries) 
5. Characterize uncertainty in outcome over the life cycle 
of the product or systems 
6. Select design(s) with best expected outcome for further 
development 
The steps in this procedure are very general in order to 
ensure their applicability across a range of manufacturing 
systems and products. The utility of steps such as these has 
been well documented by others [e.g., Helu et al., 2011; 
Dantan et al., 2013]. The remainder of this section will be 
dedicated to describing how these steps may be implemented 
in the development of energy systems, with emphasis on how 
uncertainty might be considered. 
3.1. Step 1: Selecting metrics 
There are many metrics that have been established to 
evaluate important sustainability outcome(s) or impact(s). 
Examples include: energy intensity, water intensity, 
recyclability, global warming potential, acidification, 
eutrophication, cancer in humans, and indexes combining and 
normalizing a number if impacts into a single score, such as 
Eco-Indicator 99, as suggested by the OECD [2011], Bare 
[2012], Goedkoop and Spriensma [2001]. Selecting the best 
metrics for a given product or system requires careful 
consideration of context. Metrics may be selected based on a 
range of criteria, including: relative magnitude of expected 
impacts, preferences of relevant stakeholders, and linkages to 
the mission and vision of an organization. 
3.2.  Step 2: Identifying relevant design characteristics and 
constraints 
Once the metrics have been established for evaluating 
design alternatives, a methodology is needed to identify the 
design characteristics and constraints that affect the metrics. 
Life cycle assessment is a suggested method, as it enables the 
designer to identify the materials, processes and activities 
with the greatest impact. Other decision-making tools, in 
which a life-cycle perspective can be taken, such as total cost 
assessment and risk assessment, may be employed to gain an 
understanding of what elements of a design are potentially 
problematic. Multiple criteria decision-making methods (e.g., 
analytic hierarchy process) might also be utilized in these 
assessments. 
As previously discussed, it is difficult to complete an 
accurate assessment when products and systems are low 
technology readiness levels because data is scarce and 
includes substantial uncertainty. However, a systematic 
approach is needed in order to make necessary design 
decisions. These issues will be addressed later in this paper. 
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3.3. Step 3: Identifying relevant product, system, and process 
parameters 
In this stage, the goal is to identify potential opportunities 
to change the impact associated with a product or system. 
Considering the relevant design characteristics and 
constraints, the question to answer is, “what can be leveraged 
to improve the product or system being developed?” For 
example, Helu et al. [2011] identified gear finishing 
(manufacturing process) as a lever to positively affect 
automotive fuel consumption (impact of interest) through 
improved powertrain efficiency (product characteristic).  
3.4. Step 4: Establish the relationships among characteristics, 
constraints, and parameters (items in Step 2 & 3) 
The established laws of physical systems (e.g., 
thermodynamics, dynamics) can be used to quantify how an 
impact of interest, part features and part functionality are 
related.  Multi-physics modeling has been used to advance 
understanding of the effect of energy system features on their 
functionality and, in turn, their potential impacts. This 
knowledge provides guidance toward an optimal production 
system. 
3.5. Step 5: Characterize uncertainty in outcome over the life 
cycle of the product or systems 
In order to understand the risks associated with decisions 
to pursue one design over another, uncertainty must also be 
considered. Manufacturing scale-up is one area that 
introduces a substantial uncertainty into the estimated life 
cycle impacts of products and systems in the early phases of 
development that will require novel manufacturing processes 
to bring them to full-scale deployment. Sensitivity analysis 
may be used to gain insight into the range of potential impacts 
associated with emerging technologies. However, many 
assumptions are often necessary in order to use such a 
technique due to a lack of data for not-yet-developed 
processes. 
Considering energy use and energy production in 
particular, thermodynamics and other scientific principles 
may be employed to establish theoretical maximums and 
minimums for particular processes and technologies, e.g., 
[Zhai et al., 2013].  Furthermore, Gutowksi et al. [2006] have 
characterized the specific electricity requirements for various 
manufacturing processes as a function of the rate of material 
processed. However, expert judgment is often used to 
estimate the difference between the actual behavior of 
manufacturing systems relative to their theoretical behavior. 
Proxy processes may be used to guide these judgments. Early 
in product development (e.g., conceptual design, prototyping), 
it may be difficult to ascertain the uncertainty in these 
estimates because there are countless unknowns associated 
with the full-scale production of the product in development. 
To better understand the uncertainty in the estimates of 
potential impacts of the product in development, it may be 
useful to consider the technology readiness level of the new 
product and the proxies being used to estimate its impacts at 
scale.  
Stan Sadin is credited with developing the first technology 
readiness level (TRL) scale in 1974 for the U.S. National 
Aeronautics and Space Administration (NASA) [NASA, 
2013]. Many researchers have adopted technology readiness 
levels as a knowledge-based standard for evaluating the 
maturity of technology. The levels span from TRL 1, which is 
characterized by the shift from scientific research to applied 
research and development, to TRL 9, in which the technology 
is operating in final form and under the expected conditions 
[US DoD, 2011]. Table 1 contains the definitions used by the 
U.S. Department of Defense for TRL 1 – 9. 
Table 1. Technology readiness levels used by U.S. Department of Defense 
[US DoD, 2011] 
TRL Definition 
1 Basic principles observed and reported 
2 Technology concept and/or application formulated 
3 Analytical and experimental critical function and/or characteristic 
proof of concept 
4 Component and/or breadboard validation in a laboratory 
environment 
5 Component and/or breadboard validation in a relevant 
environment 
6 System/subsystem model or prototype demonstration in a 
relevant environment 
7 System prototype demonstration in an operational environment 
8 Actual system completed and qualified through test and 
demonstration 
9 Actual system proven through successful mission operations 
 
The uncertainty of a potential impact might be 
characterized by considering: (i) the TRL of the product or 
system under development relative to the TRL of a proxy 
product or system and (ii) the similarity of the two products or 
systems. For example, the difference between the TRL of the 
proxy (TRLproxy) and the TRL of the new product or system 
(TRLnew) could be multiplied by a variable represented by the 
similarity of the two products or systems (S) to arrive at a 
deployment factor (D), as shown in equation 1, where 
similarity is evaluated on a Likert scale with the highest value 
associated with maximum dis-similarily and the value of 1 
being associated with the most similar. This use of the Likert 
scale moves the uncertainty of the system in the same 
quantitative direction as the difference in TRLs. The more 
dissimilarity in the products or systems (i.e., the greater the 
Likert scale value) and the greater the difference in TRLs, the 
more uncertainty is associated with the potential impact of the 
new product or system. 
 
                                   (1)  
 
A normalized deployment factor (Dn) can also be found. 
Equation 2 displays a normalized deployment factor  
assuming: (i) a nine-point TRL scale, as is common, (ii) a 
five-point Likert scale for similarity, and (iii) equal 
importance of the difference in TRL and similarity of the two 
products or systems. 
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                                       (2) 
 
 
Finally, assuming that two products or systems with the 
same TRL level are not compared, the general increase in 
uncertainty of impacts relative to the TRL level of the proxy 
product or system, as shown in Figure 1. 
Figure 1. Relative relationships between TRLproxy, Dn, and uncertainty 
3.6. Step 6: Select design(s) with best expected outcome for 
further development 
Those involved in the development of new products and 
systems must consider both the risk and potential reward 
associated with the technology they choose to pursue. This 
requires taking a life-cycle perspective to insure that negative 
impacts are not shifted from one life-cycle stage to another as 
well as capturing the benefits of impact “investments” in one 
stage that result in reduced impacts in other stages. 
Uncertainty must also be considered to insure the risks 
associated with particular development pathways are 
understood. For products and systems at low TRLs, that will 
require novel manufacturing processes to bring them to full-
scale deployment, manufacturing scale-up is one area that 
introduces a substantial uncertainty. 
4. Case Study: Artificial Photosynthesis 
In this section, the utility of the previously presented 
approach to sustainable design decision making will be 
examined through a case study examining the decisions 
required in the development of artificial photosynthesis 
energy systems. First, the scientific concepts underlying 
artificial photosynthesis and photoelectrochemical cells will 
be presented. Then, two possible technologies for a key 
element of the current prototypes, the amorphous silicon 
triple-junction solar cell, will be evaluated using the approach 
for sustainable decision making for early designs and 
considering uncertainty in scale-up. 
4.1. Artificial photosynthesis 
There has been growing interest in the development of 
artificial photosynthesis (AP), beginning with the research of 
Fujishima and Honda [1972] in the early 1970s [Lewis and 
Nocera, 2006]. Researchers and others are hopeful that 
artificial photosynthesis has the potential to meet much of the 
rising energy demand. Plants are using the photosynthesis 
process to capture energy at a rate of 130 terawatts annually, 
about six greater than the rate of energy demand worldwide 
by humans [Hall and Rao, 1999]. Plants generally operate at 
1% or lower efficiency in converting solar energy into stored 
chemical energy; with even 10% efficiency is achieved in 
artificial photosynthesis, a substantial amount of the world’s 
energy demand could be met [Barber, 2009]. The desire to 
create such AP cells has been a driver for collaboration 
between researchers and industries worldwide [JCAP, 2013] 
Artificial photosynthesis is a photoelectrochemical (PEC) 
water reaction, in which energy from the sun is captured and 
converted into a chemical energy by splitting water into 
hydrogen and oxygen, shown in equation 3, where h is 
Planck’s constant and ν is the frequency. It is the 
technological equivalent of the photosynthesis process found 
in nature. The process requires a series of steps. First light is 
absorbed by the photoelectrode, which causes the holes to 
migrate towards the photoanode, which then oxidizes water at 
the photoanode forming oxygen and hydrogen ions. These 
generated ions then migrate through the electrolyte and 
membrane/separator to the photocathode. At the same time, 
electrons from the photoanode are transported to the 
photocathode, ideally through a highly conductive material, 
like copper, which causes the reduction of the hydrogen ions, 
forming hydrogen [Bak et al., 2002] [Newman, 2013] This 
process is displayed in Figure 2.  
 
2hν + H2O(liquid/vapor) => ½ O2(gas) + H2(gas)                 (3) 
Figure 2. Graphical representation of artificial photosynthesis prototype 
The primary components of a deployable PEC device 
include: photoelectrodes, catalyst, membrane, electrolyte and 
the supporting structures.  The photoelectrode is ideally 
composed of two separate but integrated photoelectrodes, the 
photoanode and photocathode. Their purpose is to generate 
the current and voltage necessary to continuously split water 
by capturing solar energy and converting it to charge carriers 
(i.e., the photocurrent and potential). The catalysts are 
designed to increase the rate of reaction kinetics, to be 
selective for specific chemical products and increase 
efficiency of reaction. The membrane separates the products 
(e.g., hydrogen and oxygen), adds structural support and 
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allows for ion transport. The electrolyte is the ion transport 
and reaction media. The supporting structure includes a 
mechanism for gathering light (e.g., window, lenses array), 
input and output ports (e.g., electrolyte and the products), 
structural elements, and serves as a temporary storage space 
for products. Proper design and layout of these components is 
critical for optimal performance [Haussener et al., 2012].   
Chemical fuels, such as hydrogen, offer advantages over 
other renewable energy sources. Using AP, hydrogen can be 
generated when the sun is shining and stored for future use, 
addressing the issue of intermittency faced by photovoltaics 
(PVs) and wind turbines. Furthermore, the energy density of 
hydrogen is greater than that of capacitors and batteries. 
Additionally, chemical fuels can be transported and utilized 
by some existing infrastructure. However, widespread 
adoption of hydrogen as an energy source faces a number of 
challenges.  
PEC hydrogen production has a very low technology 
readiness level [Miller, 2011]. PEC cells are not yet 
competitive in terms of solar energy to hydrogen conversion 
relative to dual component devices that contain a PV and 
electrolyzer. Existing PEC cells also have a short life, which 
is detrimental to their net energy production. Nevertheless, the 
potential simplicity of the PECs offers the possibility and 
promise of directly producing hydrogen and other fuels or fuel 
precursors at both large and small scales [Newman, 2013]. 
4.2. Evaluating potential technologies 
Efforts to develop a sustainable and economically viable 
PEC cell are underway. Given that there are finite resources to 
pursue deploy such a device, researchers, policymakers and 
others must strategically select areas to focus on to forward 
artificial photosynthesis. Net energy production per area is a 
widely used metric for the effectiveness of these devices 
because energy production is their primary purpose and their 
envisioned use is constrained by land area available for their 
use. Previous life cycle assessment indicates that the 
photoelectrode is the most energy intensive component of the 
PEC [Zhai et al., 2013].  This element of the PEC will be the 
focus of the following case study. 
There are two key elements of the net energy associated 
with the photoelectrode.  One is the solar to hydrogen (STH) 
efficiency of the device in use (i.e., energy output) and the 
other is the energy required to produce the device (i.e., 
embedded energy). Both of these elements relate to the 
chemical and physical structure of the photoelectrode. The 
discussion that follows will be limited to the efficiency of the 
photoelectrode, due to constraints on the length of this paper.  
The approach that is outlined should be applied to other 
aspects and components for a complete analysis. 
Using the framework outlined in Section 3, the metric of 
interest is STH efficiency (step 1). The band gap, which 
determines how much solar energy will be absorbed by the 
material, is the product characteristic of interest (step 2). 
Several process-oriented decisions determine the band gap of 
a photoelectrode, including: material selection, deposition 
techniques, and surface texturing (step 3). The relationships 
between these process-oriented decisions and the resulting 
band gap are determined by molecular-level physics (step 4).   
There are several photoelectrodes being developed for use 
in PEC cells, including triple-junction gallium-indium 
phosphide/gallium-arsenic (GaInP/GaAs), triple-junction 
amorphous silicon (a-Si), indium phosphide (InP), and 
bismuth vanadate (BiVO4). GaInP and a-Si are well-
developed materials for use in photovoltaic cells. Technology 
is in place for full-scale production for the PV application. 
These photoelectrodes were assigned TRL 9 and will serve as 
the proxy to evaluate the PEC electrodes against. However, 
even in their PV application, further production efficiencies 
must be realized for economic viability. 
 Solar to hydrogen efficiency has been estimated for 
GaInP/GaAs and a-Si photoelectrodes in PEC cells [Khaselev 
& Turner, 1998] [Reece et al., 2011]. Several changes to 
production are needed to bring these phototelectrodes from 
full-scale production in PV cells through manufacturing scale-
up for PEC cells. To use these technologies in PEC cells they 
need to be optimized for water splitting as opposed to 
electricity generation. The substrates must be stable in the 
operating system, often an electrolyte. Both of these 
photoelectrodes are at TRL 4 for PEC cells. The processing 
necessary to create an a-Si photoelectrode for use in a PEC 
cell is virtually identical to that needed to create a-Si for a PV 
cell (i.e., S = 1 on 1 – 5 Likert scale). There is slightly more 
dissimilarity in the processing needed for GaInP/GaAs (S = 2) 
photoelectrodes used in PEC versus PV cells.  
InP and BiVO4 are photoelectrodes for PEC cells in an 
earlier stage of development, at TRL 3. The proxy product for 
InP is GaInP/GaAs. Both begin with a high quality single 
crystal material, but the GaInP/GaAs cell includes additional 
epitaxial layers of GaInP and GaAs. Whereas the InP cell is 
prepared by nanotexturing and then coated with a thin film of 
TiO2. The differences in their production are moderate (S = 
3). The proxy product for BiVO4 is a-Si. Both are granular, 
amorphous structures that can be grown with a variety of 
deposition techniques.  However, the production of functional 
BiVO4 is far less predictable than a-Si, leading to a similarity 
rating of 4. 
Table 2. Technology readiness level of new and proxy photoelectrodes 
Photoelectrode ηest (%) TRLnew Proxy TRLproxy S Dn 
GaInP/GaAs 
(PEC) 
12.41 4 GaInP/ 
GaAs (PV) 
9 2 0.25 
a-Si (PEC) 4.72 4 a-Si (PV) 9 1 0.13 
InP 9.53,5 3 GaInP/ 
GaAs (PV) 
9 3 0.45 
BiVO4 9.54,5 3 a-Si (PV) 9 4 0.60 
 
Table 2 summarizes the TRLs of the PEC photoelectrodes 
and their PV proxies as well as the similarity between the 
production processes of the emerging technology and its 
proxy (i.e., S). The similarity value was based on a 5-point 
Likert scale where 5 is very dissimilar and 1 is very similar. 
The deployment factor (Dn) is also provided. Finally, Table 2 
includes the estimated STH efficiencies (ηest) of the PEC 
photoelectrodes based on Khaselev & Turner [1998]1, Reece 
et al. [2011]2, Lee et al. [2012]3, Abdi & Krol [2012]4, and Hu 
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et al. [2013]5. The efficiencies of the GaInP/GaAs and a-Si 
photoelectrodes in PEC cells are based on measured values in 
the literature. The efficiencies given for InP and BiVO4 are 
theoretical values based on a tandem configuration. 
4.3. Discussion 
The data presented in Table 2 indicates that a triple 
junction GaInP/GaPs photoelectrode is estimated to have the 
greatest solar to hydrogen efficiency and has relatively low 
uncertainty associated with that estimate, as indicated by the 
deployment factor, because the material is currently being 
used commercially in PV cells. Therefore, manufacturing 
scale-up is less of a concern for this technology. However, 
InP and BiVO4 present opportunities to improve upon the 
efficiency of a-Si, but there is substantially more uncertainty 
associated with their full-scale deployment because 
fundamental research is being conducted to optimize these 
materials and to develop the necessary processes for full-scale 
deployment. Considering only STH efficiency, this analysis 
points toward GaInP/GaAs as a promising photoelectrode for 
artificial photosynthesis energy systems.  
However, this is only a portion of the energy generation 
side of net energy production. The energy embedded in 
production must also be considered. The energy payback 
period for a-Si in PV cells is roughly one quarter of that for 
GaInP/GaAs PV cells [Kim & Fthenakis 2010][Mohr et al., 
2007]. Further analysis is necessary to compare the embedded 
energy to energy generation. Additionally, other sustainability 
issues must be considered such as land use. 
5. Conclusions and Future Work 
As products and systems move from the prototype phase to 
complete deployment, numerous considerations must be 
addressed to insure an adequate return on investment and net 
positive life-cycle impacts. In the early phases of development 
there is substantial uncertainty associated with these 
considerations, in part due to incomplete knowledge of the 
costs and impacts of the necessary full-scale production 
systems. However, researchers, policymakers and others must 
make decisions regarding which technologies to pursue, while 
facing uncertainty; innovative energy systems are an area in 
which the need for these decisions is clear. This paper 
provides a framework for assessing life-cycle impacts and 
their uncertainty, utilizing technology readiness levels. A case 
study examining photoelectrodes for use in artificial 
photosynthesis cells illustrates the utility of the framework.  
Further research is necessary to fully deploy the approach 
to uncertainty proposed in this paper. The similarity factor, S, 
needs to be operationalized; a rubric similar to that used to 
define TRLs would be helpful in defining relative similarity 
of products and systems. Retrospective case studies 
examining products and systems as they were developed in 
order to quantify the relationships among the TRLs of the new 
and proxy technology, their similarity, and the uncertainty 
associated with scale-up would be useful. The framework and 
approach to uncertainty could be applied to other emerging 
technologies to assess deployability. 
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